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Abstract 
This article illustrates application of a concurrent dual-band RF system and Wavelet Transform for contactless detection and 
analysis of human vital signs (i.e. Heartbeats and Respiration rate) for the first time. The vital signs are captured by a 
concurrent dual-band measurement setup operating at 2.4/5.2GHz band. An algorithm using Fourier transform and Wavelet 
transform is used to notice the vital signs from the phase information signal of the concurrent dual-band RF system. The 
analysis shows that Wavelet transform gives better prediction of vital sign as compared to Fourier transform. The concurrent 
dual-band operation yields the advantage of measurement of vital sign signals without a change in measurement conditions at 
both bands. Simulations are carried out using measured dual-band subsystems in ADS platform. In the experimental setup, 
signals are measured with a human subject at a distance of 1-m away from the RF transceiver. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Vital signs are the gauge of the survival of a human being. The vital sign, in general, includes body temperature, 
heartbeats, respiration rate and blood pressure. The heartbeat and the respiration rate are more extensively used as 
the vital signs [1].  Precise detection of human respiration rate and heartbeats can be very helpful in various rescue 
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operations and healthcare applications [2-3]. The contactless detection of vital sign is more advantageous as it need
not to have a close contact with the human subject.
Nomenclature
f Frequency in Hz
(t) Total phase noise from the signal source and other blocks in the transmitter
c Velocity of light( m/s)
L Distance between the antenna and the human subject (meter)
x(t) Chest movement of the human subject
Sinc(t) Incident Signal
Sref (t) Reflected Signal
Phase difference between transmitted and reflected signal
Phase error due to reflection from various surfaces and building blocks
The performance of existing single band vital sign detection systems can be improved by using multi-band 
operation. A multi-band system employs different RF frequencies. Higher frequencies allow signal detection with 
very minute variations but at the cost of increased noise. On the other hand, lower frequencies minimizes the noise
but with decreased detection sensitivity. Correlation of signals from various RF bands can, therefore, enhance
overall system performance.
heartbeats and respiration rate can vary over time. A multi-band system 
operating at different frequencies in switched mode suffers from variable measurement conditions for same human
subject [4]. Incorporation of concurrent operation into a multi-band system will allow measurements to be carried 
out at the same instance of time. Hence, measurement environment and conditions will not change for the RF 
bands, thereby, leading to higher detection sensitivity and lower noise.
Use of parallel system architecture for simultaneous processing of multiband signals at individual frequency
band is less attractive due to requirements of high power consumption, large hardware and bulky nature. To 
overcome these drawbacks, a concurrent dual-band RF system is proposed in [5] for the measurement of heartbeats
and respiration rate. Fig.1 shows the conceptual diagram of a concurrent dual-band RF system for the contactless
measurement of vital signs.
Fig.1. Conceptual block diagram of a concurrent dual-band RF system
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The current trend in the area of Microwave/Millimeter wave integrated circuits research is to reduce system 
losses, increase compactness, and reduce the power consumption level so that it is useful as portable device. Thus, 
a concurrent multiband system, based on hardware sharing, is desirable to benefit from concurrent operation while 
reducing hardware requirements. 
The RF system for measurement of heartbeat and respiration rate consists of dualband subsystems. The received 
signal is composed of the carrier frequency and the information regarding the heartbeats and respiration. The 
required information (i.e. information 1 and 2) at two bands can be retrieved with the help of two wideband mixers 
and a dualband local oscillator (LO) along with proper signal processing.  
2. Theoretical Analysis 
2.1. Concurrent Dual-Band Operation  
Fig.2 shows working principle of a concurrent dual-band RF system for monitoring the heartbeat and the 
respiration rate. The RF system transmits a concurrent dual-band continuous-wave signal. This signal reflected 
back from a target, which is received by the RF systems and sent to the receiver for demodulation. As per the 
Doppler theory, a target with a time varying position and a net zero velocity, reflects the incident signal with its 
phase modulated in proportion to the time varying position of the target. Hence, the RF system with the chest as the 
target will receive a signal analogous to the transmitted signal but is phase modulated by the time varying chest 
position. The phase demodulation of the received RF signal will endow with a signal proportional to the chest 
position. This signal has information of the movement due to heartbeats and respiration, from which heartbeats and 
respiration signals can be estimated. 
 
 
 
 
. 
 
 
Fig. 2.Working principle of a concurrent dual-band RF system [5] 
Let the transmitted signal Sinc(t) is a sinusoidal wave of frequency f, then 
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According to [6], the received signal Sref (t) can be approximated as: 
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w -2L/c] is the phase noise due to the propagating medium and the signal source; [4 / ] is the constant 
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Information about patchy chest motion of the human subject can be retrieved if the received signal is multiplied 
by a local oscillator (LO) signal. The resulting baseband signal SB(t) is approximated as [6]: 
 
                                                          )()(4)(cos)( ttxttSB                                                  (3) 
 
                                                
Lt 4)(                                                                                          (4) 
 
                                                        
c
Lttt 2)()(                                                                          (5) 
 
This RF system aims at monitoring the heartbeat and the respiration rate of a human subject. For this intention, 
it is required to measure the rate of phase change in the reflected wave from the chest and the heart wall of the 
human being. Hence, the resulted signal is the addition of two sinusoidal waves whose frequencies are equal to the 
heartbeat and the respiration rate, respectively. Average human being breathes about 15 20 times per minute and 
has 60 72 heartbeats per minute. This corresponds to the chest-wall motion with a frequency of 0.25 0.33 Hz and 
1 1.2 Hz for respiration and heartbeat, respectively [1].  
2.2. Signal Processing 
A variety of signal processing techniques are reported to scrutinize the human vital signs. Application of 
Butterworth filters along with a sliding hanning window, autocorrelation function with center clipper is reported in 
[7]. Fourier transform (FT) and peak detection algorithms are also extensively used [8]. Recently, wavelet 
transform (WT) is being used in the signal processing domain [9].  
In this article, continuous wavelet transform (CWT) is applied along with FT to detect and analyze heartbeats 
and respiration rate, on a phase modulated signal acquired from concurrent dual-band measurement setup, 
accurately from 1 m without applying any filtering process. WT retains both time and frequency information and 
provides a better frequency resolution at low frequencies and better time resolution at higher frequencies. Also WT 
is intended to operate on non-stationary signals i.e. heartbeats [10]. This is the advantage of WT over FT. The 
CWT can be calculated as- 
 
                                              dt
x
yttf
x
yxWf *).(1),(                                                                      (6) 
 
 where x and y symbolize the scale and shift factors respectively, f(t) is the input signal, and is the mother 
wavelet. Diverse mother wavelets can be used for investigation depending on the signal to be analysed. In this 
analysis, Morlet-12 wavelet is used because of its similarity with the heartbeat signal. It is defined as-  
 
                                                         )5cos()( 2
2
xexmorl
x
                                                                           (7) 
 
Frequency and scale can be interchanged as- 
fS
CFScale
*
                                                           (8) 
where CF = Centre frequency of mother wavelet; S= Sampling rate; and f = Frequency. 
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Fig.3. indicates the Morlet wavelet. From Fig.3 the similarity of the Morlet and the heartbeat signal can be 
easily inferred. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.3. Morlet Wavelet 
A set of coefficients can be contrived to seize benefit of the time information conservation characteristics of 
wavelets. At every transition, if the absolute maximum value of wavelet coefficients is identified, then it will 
provide the principle frequency at every transition. This is known the Time Frequency Spectrum (TFS). By means 
of WT and TFS, useful information about vital signs can be obtained. Since the heartbeat signals are non-stationary 
in nature with somewhat sharp peaks, WT is an ideal choice for its analysis.  
FT implicates a trade-off between the signal to noise ratio (SNR) and the spatial resolution of the signal 
processed. WT is the reincarnation of the self-similarity for windowed signal. They describe a signal by the power 
at each scale and position. WT have information similar to the Short-time Fourier Transform (STFT), but with 
additional special properties of increased resolution in time at higher analysis frequencies of the basis function. The 
difference in time resolution at ascending frequencies for the FT transform and the WT is shown in Fig.4. A brief 
comparison of WT with other similar techniques is given in table 1. 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. Difference in time resolution at ascending frequencies 
                          Table 1. Comparison of WT with other techniques 
Transformation Representation  Output  
Fourier transform )(f   
Time- frequency analysis ),( ftX  t: time; f:frequency 
Wavelet Transform ),( baX  a:scaling; b:time 
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3. Result and Discussions  
A concurrent dual-band RF system is designed and simulated in advanced design system (ADS) platform. The 
measured dual-band subsystems are used for this simulation. Fig.5 shows the ADS model used for 
simulation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. ADS simulation of the concurrent dual-band RF system [5] 
  Fig.6 shows the simulated dual-band baseband data obtained from ADS setup. It clearly shows that the 
detection sensitivity is better at 5.2 GHz but with increased noise. At 2.4 GHz, the detection sensitivity is lowered 
but with less noise contain.  
 
 
 
 
 
 
 
 
 
 
 
Fig.6. Simulated baseband information 
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In order to perform concurrent dual-band measurement of heartbeats and respiration rate, a dual-band microstrip 
patch antenna is utilized. It operates simultaneously at 2.4-GHz and 5.2-GHz [11]. Fig.7 shows the 2.4-/5.2-GHz
dual-band microstrip patch antenna with its simulated and measured return loss results. The dual-band antenna 
yields a fairly good performance, i.e., 950-MHz and 720-MHz bandwidths around 2.4-GHz and 5.2-GHz,
respectively.
(a)                                                                        (b)
Fig.7. (a) 2.4-/5.2-GHz microstrip patch antenna; (b) Simulated and Measured Results
Measurement of human respiration rate and heartbeat is carried out using ANRITSU MS2036C (5 KHz-6 GHz)
Vector Network Analyzer (VNA) and two dual-band patch antenna in a noisy environment. The human subject is
kept at a distance of 1-m away from antennas. The two antennas are distanced 17-cm apart. The sample is taken for 
52 seconds from a human subject with normal physique.
Real time readings of heartbeats and respiration rates from VNA are captured and processed through a MatLab
program. The sampling frequency is kept at 3.2-Hz as the maximum frequency of heartbeat can be of 1.5-Hz. Fig.8
shows the measured phase variation information. The phase information in forward transfer gain, S21, is captured
from VNA.This gives the required phase variation frequencies. These frequencies can be interpreted as the
heartbeat and respiration rate. FT and WT is applied on these signals to detect the desired frequency components of 
the heartbeat and the respiration rate. 
Fig.8. Measured phase information of heartbeats and respiration rate
In the first step of analysis, FT has been applied on the phase variation signals captured from the measurement
setup to retrieve the desired signals i.e. the respiration and the heartbeat signal. Fig.9 shows the respiration rate and 
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heartbeat signals obtained after applying the FT. It is found that at lower frequency i.e. 2.4 GHz, the noise aspect is 
less but at the cost of detection sensitivity. On the other hand, at higher frequency i.e. 5.2 GHz the detection 
sensitivity is increased but with the tag of noise. From Fig.9, it is clear that, even though the measurement is carried 
out at different bands, the detected respiration and heartbeat signals are not distorted. This is due to the fact that the 
measurements are carried out concurrently at two bands. 
   
 
 
 
 
 
 
 
 
 
 
(a)                                                                                                  (b) 
Fig.9. FT spectrum of respiration and heartbeat signal at (a) 2.4GHz; and (b) 5.2GHz  
The signals present around 15 beats per minute and 60-63 beats per minute can be considered as the desired 
signals of respiration rate and heartbeat respectively. The resulted FT spectrum shows that desired signals are 
present along with their harmonics and noise components. Also, many frequency components lie in the allowable 
heartbeat range. This may be due to the fact that the third and the fourth order harmonics of the respiration signal 
overlap with the heartbeat signal. Here it is not possible to predict the exact heartbeat signal. This difficulty can be 
overcome by applying the correlation between the signals obtained from the two bands.  
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                                                 (b) 
Fig.10. WT spectrum of respiration and heartbeat signal at (a) 2.4GHz; and (b) 5.2GHz  
Further WT has been used to analyze the signals obtained from the measurement setup. Fig.10 shows the 
respiration rate and heartbeats signal obtained after applying the WT. As discussed in section 2.2, it has been found 
that the noise and the higher order components are successfully minimized due to the application of WT. This is the 
main advantage of WT over the FT. From the WT spectrum; the respiration rate and heartbeats can be uniformly 
seen at both bands. The signals present at 15 beats/minute and 61 beats/minute can be considered as the respiration 
rate and heartbeat signal respectively, as they are within the allowable range for respiration rate and heartbeat 
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signals. Further, to precisely estimate the respiration rate and heartbeats, correlation between the spectrums 
obtained from both bands, is carried out. 
Fig.11 shows the correlation spectrum for FT and WT signals. After application of correlation between the 
individual band signals, it has been found that the estimation of the desired signals can be carried out effectively. 
Both, FT and WT correlated spectrum, shows that the respiration rate is 15 beats per minute and the heartbeats are 
at the rate of 61 beats per minute. The ambiguity in FT spectrum about the heartbeat detection is visibly eliminated 
in the correlated spectrum. Also noticeably, use of WT has effectively reduced the unwanted harmonics and noise 
component from the resulted spectrum as compared to the FT spectrum. Hence, WT is a better candidate for the 
detection of vital signs in the noisy environment. 
 
 
 
 
 
 
 
 
 
(a)                                                                                                   (b) 
Fig.11. Correlation spectrum of respiration rate heartbeat signals for (a) FT; and (b) WT  
In single band RF systems, to extract the advantages of multiband operation, switching is required. Due to it, 
some delay is incorporated between the two consecutive measurements. It is the normal tendency for heartbeats and 
respiration rate of a human being to change over a period of time. Hence, it is possible that inconsistent rate of 
respiration rate and heartbeat signals can be obtained after correlating the signals obtained from switched mode 
operation. But, the measurements carried out by concurrent dualband setup have shown a uniform detection of 
signals at both bands. This is the sizable advantage of a concurrent dualband RF system over the existing single 
band systems for vital sign detection. Also, the individual subsystems can be customized to operate at dualband 
concurrently i.e. hardware sharing. This will minimize the hardware requirement as compared to the parallel mode 
of multiband operation. 
  
 
 
 
 
 
 
 
(a)                                                                                (b) 
Fig.12. TFS at (a) 2.4GHz; and (b) 5.2GHz band. 
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Time-frequency spectrums (TFS) at both bands are plotted for validation of the detected heartbeats and 
respiration rate. Fig.12 shows the TFS plot at both bands. It shows that the respiration rate is almost around 15 
beats per minute and the heartbeats are detected at 61 beats per minute. It confirms the accuracy of the 
measurement setup and the concept of concurrent dual band operation. A comparison of FT and WT along with 
TFS for the detection of respiration rate and heartbeats is given in Table 2. 
                                   Table 2. Comparison of respiration rate and heartbeat detection 
Transformation Respiration  rate 
 (beats/min) 
Heartbeats 
(beats/min) 
Fourier Transform 15 61-63 
Wavelet Transform 15 61 
TFS 15 61 
Conclusions  
A 2.4-/5.2-GHz contactless concurrent dual-band RF system, along with WT, for heartbeats and respiration rate 
detection is discussed for first time. The system is simulated in ADS environment, using measured S-parameters of 
various dual-band subsystems. The measurement is performed through an experimental prototype which obtains 
real-time data through a VNA and two concurrent dual-band microstrip patch antenna.  
FT and WT is used to analyze the spectrum of the received signal. The signals, obtained from the two RF bands, 
are correlated to predict the exact heartbeat and respiration rate. The measurement setup successfully captures the 
respiration and the heartbeat signal without any variation at different bands. The setup works accurately at 1- m 
distance. The concurrent dual-band system simultaneously provides desired signals at the two distinct RF bands, 
allowing real-time analysis of data with minimal hardware requirement.  
Also TFS is plotted for both bands to validate the accuracy of the detection. The performance of the 
measurement setup can be enhanced by using the directional antenna.  
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